Data Summary {#s2}
============

The MS dataset (raw, peak, search and result files) can be obtained from the MassIVE database via <ftp://massive.ucsd.edu/MSV000082520/>, <ftp://massive.ucsd.edu/MSV000082521/> and <ftp://massive.ucsd.edu/MSV000084671/> for the chromatin enrichment for proteomics (ChEP), SMC3_IPs and CRWN-L_IPs datasets, respectively; from the ProteomeXChange (<http://www.proteomexchange.org/>) via PXD010262, PXD010263 and PXD016684; and from the Stowers Original Data Repository (<http://www.stowers.org/research/publications/libpb-1239>). ChIP-seq datasets generated and analysed during the current study are available from the National Center for Biotechnology Information Gene Expression Omnibus (GEO; <http://www.ncbi.nlm.nih.gov/geo/>) under accession number GSE116219.

###### Impact Statement

Malaria still remains one of the deadliest infectious diseases worldwide. Parasite resistance to antimalarial drugs and the absence of an effective vaccine emphasizes the need for novel therapeutic approaches. Targeting mechanisms regulating virulence factors and gene expression throughout the parasite life cycle is a promising strategy towards developing novel antimalarials. Much like in complex metazoans, chromatin structure of *Plasmodium falciparum* plays important roles in gene expression regulation and parasite development. It is becoming increasingly apparent that parasite nuclear architecture and chromosome dynamics are quite complex and are regulated by many proteins. Therefore, to determine the proteins that may be critical to chromatin organization and function within the nucleus, we developed a new computational and proteomic pipeline. We identify parasite-specific proteins that may regulate chromatin architecture processes in *Plasmodium*. While these proteins will need to be further validated at the mechanistic level, they represent ideal therapeutic targets that can be used to disrupt parasite development with high specificity.

Introduction {#s3}
============

Apicomplexans are obligate protozoan parasites that are responsible for a wide range of diseases in humans and animals. Among apicomplexan parasites that infect humans, *Plasmodium* spp., the causative agents of malaria, have the largest health and economic impact. While the most prevalent and deadly human malaria parasite, *Plasmodium falciparum,* is responsible for an estimated 445 000 deaths per year \[[@R1]\], *Plasmodium vivax* and *Plasmodium knowlesi* also infect humans. Other apicomplexan parasites relevant to humans include *Babesia microti* \[[@R2]\], the causative agent of human babesiosis, a malaria-like illness endemic in the USA but with worldwide distribution, and *Toxoplasma gondii*, the causative agent of toxoplasmosis, an opportunistic parasite that cause infections in immunocompromised individuals \[[@R3]\]. The kinetoplastid parasites, another class of human-relevant protozoan pathogens, also contribute to the global burden of disease and include *Trypanosoma brucei* (causing African sleeping sickness), *Trypanosoma cruzi* (causing Chagas disease) and *Leishmania* spp. (causing leishmaniasis) \[[@R4]\].

Given the absence of a protective vaccine and the alarming spread of multidrug-resistant parasites \[[@R7]\], there is a desperate need for new therapeutic approaches. One promising strategy towards the development of novel and effective antiparasitic compounds is to inhibit DNA replication and gene expression in these parasites. Since the publication of the first parasite genomes, such as the *P. falciparum* genome that was published over 15 years ago \[[@R10]\], researchers have attempted to explore the transcriptional machinery of parasites in detail. The distinct developmental stages of the parasite life cycles are characterized by coordinated changes in gene expression \[[@R11]\]. However, a surprisingly low number of specific transcription factors have been identified in their genomes \[[@R18]\], and only a few stage-specific transcription factors have been characterized and validated in *Plasmodium* spp. or *Toxoplasma gondii* \[[@R21]\]. Therefore, the coordinated cascade of transcripts observed throughout the parasite life cycles is likely to be regulated by additional components and mechanisms, such as post-transcriptional \[[@R28]\], translational and post-translational regulation \[[@R28]\], as well as changes in epigenetics and chromatin structure.

Recently, several groups, including ours, have developed chromosome conformation capture (3C) coupled to next-generation sequencing methods (called Hi-C) as a way of understanding genome organization of the nucleus and its role in regulating biological processes \[[@R35]\]. Our work identified distinct chromatin features during parasite life cycles \[[@R39]\]. We also observed a strong association between genome architecture and gene expression in the apicomplexan parasites we analysed \[[@R39]\]. These results suggest that changes in chromatin structure may control, at least partially, gene expression and parasite development. Additionally, Hi-C results demonstrate that the parasite nucleus is highly organized. In particular, telomere ends of the chromosomes cluster together in heterochromatin area(s) in close proximity to the nuclear membrane, while the centromeres cluster at the opposite end of the large heterochromatin cluster, much like the genome organization observed in the similarly sized budding and fission yeasts \[[@R41]\]. However, the parasite genome exhibits a higher degree of organization than the budding yeast genome, as genes involved in immune evasion (e.g. *var, rifin* and *stevor* genes) add a striking complexity and act as structural elements that shape global genome architecture \[[@R35]\]. Such observations were confirmed by chromatin structure analysis in different *Plasmodium* species, demonstrating that spatial genome organization in apicomplexan parasites is often constrained by the colocalization of virulence genes that have a unique effect on chromosome folding. We also identified a potential link between genome organization and gene expression in more virulent pathogens \[[@R40]\]. Based on these observations, we hypothesize that architectural proteins that interact with chromatin and have a strong influence on genome organization may represent novel targets for antiparasitic interventions.

Architectural proteins involved in the maintenance of chromatin structure have been studied in organisms ranging from yeast to human \[[@R43]\]. Among these proteins are RNA polymerase associated factors, cohesin, condensin and CCCTC-binding factor (CTCF) \[[@R43]\]. CTCF is an insulator protein conserved in vertebrates that is enriched at chromosome domain boundaries and interacts with the nuclear lamina \[[@R47]\]. Some of these components have homologues in the parasite genomes, but only a few have been characterized at the functional level. Furthermore, many conserved chromatin architectural proteins or chromatin-associated proteins (CAPs) involved in chromatin organization and maintenance (e.g. lamina proteins, CTCF) are missing in parasite genomes \[[@R48]\]. As an example, lamina proteins in metazoans are essential for many nuclear functions including nuclear shape maintenance and architecture, chromatin organization, DNA replication, transcription and cell cycle progression \[[@R47]\].

Although most of our understanding of proteins involved in chromatin structure and their functions comes from studies on model organisms, their importance in the development and virulence of apicomplexan parasites including *Plasmodium* has recently been appreciated for a small number of candidates \[[@R50]\]. Yet a large number of these proteins still need to be identified and functionally characterized. Given the potential roles of CAPs in almost all aspects of parasite biology, we performed a comprehensive computational and comparative genomics approach to generate an extended atlas of chromatin-associated domains (CADs) in 12 eukaryotic organisms. We identified conserved, as well as apicomplexan parasite-specific, euglenid parasite-specific, unicellular yeast-specific and several multicellular organism-specific CADs. We provide functional annotations based on homology, domain organization, domain clustering and expression pattern analysis for 1190 well-defined and putative CAPs in the *P. falciparum* genome, of which 162 proteins (13.6 %) have been previously described as having chromatin-related functions \[[@R54]\].

To validate some of our candidate CAPs, we employed an unbiased chromatin proteomics approach termed chromatin enrichment for proteomics (ChEP). ChEP has been successfully used to identify chromatin-bound molecules and predict their function and regulation in a number of organisms \[[@R55]\]. We further characterized, using standard cellular and molecular approaches, two of the candidate proteins detected by proteomics analysis. These two candidates were the conserved structural maintenance of chromosomes protein 3 (SMC3) and an atypical crowded-like nuclei (CRWN) protein. CRWN proteins are present in plant nuclei and have a function similar to lamina in animal and fungi. These proteins participate in chromatin organization, and are essential for DNA replication and cell division. Altogether, our results validate that while mechanisms regulating chromatin structure in apicomplexan parasites are most likely complex, some of our candidates have plant-like features that could be specifically targeted by new antimalarial strategies. A better understanding of these CAPs not only will provide a comprehensive view of the complex molecular components that control chromatin organization and genome architecture in these deadly parasites, but also will assist the identification of novel targets for therapeutic strategies.

Methods {#s4}
=======

CAD search {#s4-1}
----------

Protein sequences were obtained from the following sources: PlasmoDB version 29.0 (*P. falciparum* strain 3D7 and *P. vivax* strain Sal I), ToxoDB version 24.0 (*Toxoplasma gondii* strain ME49), TriTrypDB version 24.0 (*Trypanosoma brucei* strain TREU927, *Trypanosoma cruzi* strain CL Brener Esmeraldo-like and *Leishmania major* strain Friedlin), Saccharomyces Genome Database (*Saccharomyces cerevisiae* strain S288C genome assembly R64-2-1), PomBase (*Schizosaccharomyces pombe*, downloaded on 25 June 2015), Araport (*Arabidopsis thaliana* 11, downloaded on 10 January 2017), Ensembl release 80 (*Homo sapiens* genome assembly GRCh38.p2, *Caenorhabditis elegans* genome assembly WBcel235 and *Drosophila melanogaster* genome assembly BDGP6).

Protein sequences were searched for the presence of all possible CADs using Hmmscan (hmmer, version 3.16, February 2015) against Pfam hmm profiles (v 30.0) as described elsewhere \[[@R30]\], and using National Center for Biotechnology Information (NCBI) Reversed Position Specific [blast]{.smallcaps} (rps-[blast]{.smallcaps} version 2.6.0) against NCBI Conserved Domain Database (CDD) (pre-calculated position-specific scoring matrices (PSSMs) originating from CDD from various alignment collections version 3.16). For rps-[blast]{.smallcaps} domain searches, if multiple rps-[blast]{.smallcaps} hits were reported for the same conserved domain, only the one with the highest per cent identity was maintained for each protein. An *E* value of 0.001 was used for both approaches, and if a protein had multiple isoforms, only the first isoform was kept. Candidate CAPs were filtered using 3870 pre-filtered CADs. The list of CADs (Table S1a, available with the online version of this article**﻿**) was generated based on domain annotation. Domains with annotations containing keywords that are related to nucleus or chromatin regulation (e.g. nucleoporin, nuclear pore complex, chromatin remodelling, histone modification, etc) were systematically selected from the NCBI CDD (cddid_all.tbl) and Pfam database (Table S1a). Using manual curation, domains without clear definition of chromatin or nuclear-related functions were excluded from the final list resulting in a total of 3870 CADs regardless of organism source.

Once proteins with CADs were identified from hmm and rps-[blast]{.smallcaps} searches, results were merged and Pfam domain identifiers were converted into NCBI PSSMS identifiers, giving rise to the final list of candidate CAPs for each of the proteomes mentioned above. To obtain the final list candidate CAPs in *P. falciparum*, both manual curation and a list of exported proteins were used to rule out potential false-positive proteins. Exported proteins were defined as proteins with an Export Prediction (ExportPred) score above 5, as well as proteins with a PEXEL or HT motif for export to the red blood cell (RBC) membranes (downloaded from PlasmoDB). The export proteins are likely to be exported into the RBC rather than to be transported into the nucleus; thus, were excluded from the final list of candidate CAPs in *P. falciparum* (Table S2a).

Barplot comparison of CAPs {#s4-2}
--------------------------

For each organism, both Hmmscan and rps-[blast]{.smallcaps} approaches were used and merged as previously described. Since not all genomes have been annotated at the same level, manual curation was avoided to eliminate bias and to ensure a fair comparison between organisms; therefore, we systematically calculated the number of proteins containing any of the filtered CADs (*n*=3870) irrespective of protein annotation. For each organism, the calculated value was then corrected by the proteome size and expressed as the percentage of CAPs in the full proteome of that organism (Table S1b).

Domain heatmap {#s4-3}
--------------

For each CAD present in any of the 12 organisms, we first calculated its frequency of occurrence in all organisms. Next, the abundance value was corrected by genome size and expressed as the number per 10 000 genes. The relative abundance values were scaled to the domain frequency in the organism with the highest relative abundance of that domain (Table S1c). Finally, all CADs (*n*=2867) obtained in at least one of the organisms were clustered using the k-mean clustering algorithm with a maximum of 1000 iterations (R v3.31). The number of clusters was selected based on percentage of variance captured, in which a minimum of 60 % variance was required and an increase in number of clusters did not capture an additional 2 % of the variance. Domains associated gene ontology (GO) enrichment analysis was performed with dcGO (<http://supfam.org/SUPERFAMILY/dcGO/index.html>) with default parameters and Pfam domain IDs (Table S1d).

Protein classification {#s4-4}
----------------------

Candidate proteins were classified based on their general function using existing annotations and known functions of homologues in other species from various sources including PlasmoDB, UniProt and the NCBI gene database. Proteins with no annotation details were classified based on their domain functionality.

Gene expression analysis for *Plasmodium* CAPs {#s4-5}
----------------------------------------------

The gene expression profiles and boxplots were generated using steady-state mRNA expression profiles downloaded from [https://plasmodb.org/](https://plasmodb.org/plasmo/). The expression profiles were pre-processed using standardized pipelines and are reads per kilobase of transcript per million mapped reads (RPKM)-transformed. For boxplots, gene groups were generated based on gene annotation. Transcription factors were removed from the list of *P. falciparum* CAPs (PfCAPs) prior to gene expression analysis. The list of RNA binding proteins was obtained from published work \[[@R30]\].

Parasite cultures {#s4-6}
-----------------

The *P. falciparum* strain 3D7 was cultured in human O+ erythrocytes at 5 % haematocrit, as described elsewhere \[[@R58]\]. Cultures were synchronized at the ring stage with 5 % (w/v) [d]{.smallcaps}-sorbitol treatments \[[@R59]\]. Parasite cultures (8 % parasitaemia in 5 % haematocrit) were harvested 48 h after the first sorbitol treatment (ring stage), and 18 h (trophozoite stage) and 36 h thereafter (schizont stage).

ChEP {#s4-7}
----

CAPs were isolated at different stages of the parasite erythrocytic cycle (early ring, early trophozoite and late schizont stages) using a protocol adapted from published work \[[@R56]\]. Briefly, synchronized parasites were cross-linked with 1 % formaldehyde for 15 min at 37 °C. Cross-linking was quenched by adding 0.125 M glycine for 5 min at room temperature. The parasites were then washed with 1x PBS, incubated in nuclear extraction buffer \[10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), protease inhibitor cocktail (Roche) and 0.25 % Igepal CA-630 (Sigma-Aldrich)\] for 30 min and needle sheared using a 25-gauge needle. Extracted nuclei were spun at 1300 relative centrifugal force (rcf) for 20 min at 4 °C. The nuclear pellet was incubated in nuclear extraction buffer containing 200 μg RNase A ml^−1^ for 15 mins at 37 °C, followed by two washes with 1× PBS. Nuclei were further washed with highly denaturing extraction buffers containing 4 % SDS and 8M urea to wash away non-cross-linked proteins. Chromatin was solubilized and genomic DNA was sheared by sonication (Covaris ultrasonicator; 5 % duty cycle, 140 intensity peak incident power, 200 cycles per burst).

As a negative control, protein from the cytoplasmic fractions of early ring, early trophozoite and late schizont stage parasites were also extracted. For the isolation of cytoplasmic fractions, synchronized parasite cultures were collected and subsequently lysed by incubating in 0.15 % saponin for 10 min on ice. Parasites were centrifuged at 1500 rcf for 10 min at 4 °C and washed three times with 1x PBS. For each wash, parasites were resuspended in cold 1x PBS and centrifuged for 10 min at 1500 rcf at 4 °C. After the last wash, parasites were resuspended in 1x PBS, transferred to a microcentrifuge tube and centrifuged for 5 min at 2100 rcf at 4 °C. Subsequently, the parasite pellet was resuspended in a 1.5× volume of cytoplasmic lysis buffer \[0.65 % Igepal CA-630 (Sigma-Aldrich), 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2 mM AEBSF and EDTA-free protease inhibitor cocktail (Roche)\], and lysed by passing through a 26G ½ inch needle 15 times. Parasite nuclei were centrifuged at 14 500 rcf for 15 min at 4 °C and the supernatant containing the cytoplasmic extract was collected.

Western blotting {#s4-8}
----------------

Mixed-stage 3D7 *P. falciparum* parasite cultures were collected and lysed using 0.15 % saponin for 10 min on ice. After subsequent washes, the parasite pellet was resuspended in a 1.5× volume of cytoplasmic lysis buffer \[0.65 % Igepal CA-360 (Sigma-Aldrich), 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2 mM AEBSF and EDTA-free protease inhibitor cocktail (Roche)\] and lysed by passing through a 26G ½ inch needle 15 times. Parasite nuclei were centrifuged at 14 500 rcf for 15 min at 4 °C and the supernatant containing the cytoplasmic extract was collected. To extract proteins from the parasite nucleus, the nuclear pellet was resuspended in 1 ml shearing buffer (0.1 % SDS, 1 mM EDTA, 10 mM Tris pH 7.5, protease inhibitors, phosphatase inhibitors), lysed by passing through a 26 G ½ inch needle seven times and sonicated seven times 10 s on/30 s off using a probe sonicator. Extracted nuclear protein lysates were incubated for 10 mins at room temperature with DNase I to remove DNA and centrifuged for 10 mins at 14 500 rcf to remove cell debris.

Twenty micrograms parasite cytoplasmic and nuclear protein lysates were diluted 1 : 1 in 2× Laemmli buffer and heated at 95 °C for 10 mins. The protein lysates there then loaded on an Any-KD SDS-PAGE gel (Bio-Rad) and run for 1 h at 125 V. Proteins were transferred to a PVDF membrane for 1 h at 18 V, stained using commercial antibodies anti-histone H3 (Abcam ab1791; 1 : 3000) and anti-Plasmodium aldolase (Abcam ab207494; 1 : 1000) or custom antibodies generated against PF3D7_1325400 (Thermo Fisher; 1 : 100) and PF3D7_0414000 (Thermo Fisher; 1 : 100), followed by an incubation with secondary antibody, goat anti-rabbit IgG horseradish peroxidase conjugate (Bio-Rad; 1 : 10 000). The membranes were visualized using a Bio-Rad Chemidoc MP gel imager.

Custom antibody generation {#s4-9}
--------------------------

Custom peptide antibodies were designed to target the C-terminal domain of two proteins: PF3D7_1325400 and PF3D7_0414000 (Thermo Fisher Scientific). For PF3D7_1325400, a 17 amino acid peptide (sequence: KEANKNIKLLQKYNKKM), and for PF3D7_0414000, an 18 amino acid peptide (sequence: KNEAYEIISIEEKHALEN) was used to immunize two rabbits. Antisera from day 72 post-immunization were collected and affinity-purified to obtain antibodies specifically targeting the proteins of interest \[[@R30]\].

Immunofluorescence microscopy {#s4-10}
-----------------------------

*P. falciparum* asexual stage parasites were fixed onto slides using 4 % paraformaldehyde for 30 min at room temperature. Slides were washed three times using 1× PBS. Parasites were permeabilized with 0.2 % Triton X for 30 min at room temperature, followed by a wash step with 1× PBS. Samples were blocked overnight at 4 °C in immunofluorescence assay buffer (2 % BSA, 0.05 % Tween-20, 100 mM glycine, 3 mM EDTA, 150 mM NaCl and 1× PBS). Cells were incubated with custom anti-SMC3 (Thermo Fisher; 1 : 500) or anti-CRWN (Thermo Fisher; 1 : 500) antibodies for 1 h at room temperature, followed by anti-rabbit Alexa Fluor 488 (Life Technologies A11008; 1 : 500) secondary antibody for 1 h at room temperature. Slides were mounted in Vectashield mounting medium with DAPI. Images were acquired using the Olympus BX40 epifluorescence microscope.

For the sequential double-staining immunofluorescence methodology, *P. falciparum* asexual stage parasites were fixed, permeabilized and blocked as described above. Parasites were incubated with custom anti-SMC3 or anti-CRWN antibodies for 1 h at room temperature, followed by anti-rabbit DyLight 550 (Abcam ab98489; 1 : 500) secondary antibody for 1 h at room temperature. Slides were washed seven times using 1× PBS/0.01 % Tween-20 to remove any unbound secondary antibody and incubated with anti-H3K9me3 antibody, Alexa Fluor 488 conjugate (Millipore 07--442-AF488; 1 : 100) for 1 h at room temperature. Slides were mounted in Vectashield mounting medium with DAPI. Images were acquired using an Olympus BX40 epifluorescence microscope.

Immunoprecipitation (IP) of protein complexes {#s4-11}
---------------------------------------------

Mixed-stage 3D7 *P. falciparum* parasite cultures were collected and lysed using 0.15 % saponin for 10 min on ice. After subsequent washes, the parasite pellet was resuspended in a 2.5× volume of IP buffer \[0.65 % Igepal CA-360 (Sigma-Aldrich), 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 % Triton X, 1 mM AEBSF, 5 µM E-64 and EDTA-free protease inhibitor cocktail (Roche)\], lysed by passing through a 26G ½ inch needle ten times and sonicated seven times 10 s on/30 s off using a probe sonicator. Extracted nuclear protein lysates were incubated for 10 mins at room temperature with DNase I to remove DNA and centrifuged for 10 mins at 14 500 rcf to remove cell debris.

Washed protein A magnetic beads (Pure Proteome) were added to the protein sample and incubated for 1 h at 4 °C to preclear the lysate. Precleared lysate was transferred to a new microcentrifuge tube and split equally for the antibody and no antibody control. The anti-SMC3 or anti-CRWN custom antibodies were added at a 1 : 50 ratio and incubated overnight at 4 °C. The negative control with no antibody was also incubated overnight. Antibody--protein complexes were recovered using protein A magnetic beads (Pure Proteome), followed by extensive washes with wash buffer A (1 % Triton X, 1 mM EDTA in 1× PBS), wash buffer B (wash buffer A, 0.5 M NaCl) and wash buffer C (1 mM EDTA, 1× PBS). Proteins were eluted using 0.1 M glycine, pH 2.8, and the eluent was neutralized using 2 M Tris-HCl, pH 8.0.

Chromatin immunoprecipitation (ChIP) {#s4-12}
------------------------------------

Synchronized parasite cultures were collected at the early trophozoite stage and subsequently lysed by incubating in 0.15 % saponin for 10 min on ice. Parasites were centrifuged at 1500 rcf for 10 min at 4 °C and washed three times with 1x PBS. For each wash, parasites were resuspended in cold 1x PBS and centrifuged for 10 min at 1500 rcf at 4 °C. Subsequently, parasites were cross-linked for 10 min with 1 % formaldehyde in 1x PBS at 37 °C. Glycine was added to a final concentration of 0.125 M to quench the cross-linking reaction, and incubated for 5 min at 37 °C. Parasites were centrifuged for 5 min at 2100 rcf at 4 °C, washed twice with cold 1x PBS and stored at −80 °C.

Parasites were incubated on ice in nuclear extraction buffer \[10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM AEBSF, EDTA-free protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Roche)\]. After 30 min, Igepal CA-360 (Sigma-Aldrich) was added to a final concentration of 0.25 % and the parasites were lysed by passing the suspension through a 26G ½ inch needle seven times. Parasite nuclei were centrifuged at 4 °C for 20 min at 2100 rcf. Parasite nuclei were resuspended in shearing buffer (0.1 % SDS, 1 mM EDTA, 10 mM Tris HCl pH 7.5, EDTA-free protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Roche)\]. Chromatin was fragmented using the Covaris ultra-sonicator (S220) for 8 min with the following settings: 5 % duty cycle, 140 intensity peak incident power, 200 cycles per burst. To remove insoluble material, samples were centrifuged for 10 min at 16 800 rcf at 4 °C.

Fragmented chromatin was diluted 1 : 1 in ChIP dilution buffer \[30 mM Tris-HCl pH 8, 3 mM EDTA, 0.1 % SDS, 300 mM NaCl, 1.8 % Triton X-100, EDTA-free protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Roche)\]. Samples were precleared with protein A agarose beads to reduce non-specific background and incubated overnight at 4 °C with 2 µg custom anti-SMC3 and anti-CRWN antibodies (Thermo Fisher Scientific). A sample with no antibody was also incubated overnight at 4 °C to be used as the negative control. Antibody--protein complexes were recovered using protein A agarose beads, followed by extensive washes with low-salt immune complex wash buffer \[1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8, 150 mM NaCl\], high-salt immune complex wash buffer \[1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8, 500 mM NaCl\], LiCl immune complex wash buffer \[0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8\] and TE buffer \[10 mM Tris-HCl pH 8, 1 mM EDTA\]. Chromatin was eluted from the beads by incubating twice with freshly prepared elution buffer (1 % SDS, 0.1 M NaHCO3) for 15 min at room temperature. Samples were reverse cross-linked overnight at 45 °C by adding NaCl to a final concentration of 0.5 M. RNase A (final concentration 0.6 µg ml^−1^, Life Technologies) was added to the samples and incubated for 30 min at 37 °C, followed by a 2 h incubation at 45 °C with the addition of EDTA (final concentration 8 mM), Tris-HCl pH 7 (final concentration 33 mM) and proteinase K (final concentration 66 µg ml^−1^; New England Biolabs). DNA was extracted by phenol:chloroform:isoamylalcohol and ethanol precipitation. Extracted DNA was purified using Agencourt AMPure XP beads (Beckman Coulter).

Libraries from the ChIP samples were prepared using the KAPA library preparation kit (KAPA Biosystems). Libraries were amplified for a total of 12 PCR cycles (12 cycles of 15 s at 98 °C, 30 s at 55 °C, 30 s at 62 °C) using the KAPA HiFi HotStart ready mix (KAPA Biosystems). Libraries were sequenced with a NextSeq500 DNA sequencer (Illumina). Raw read quality was first analysed using FastQC (<https://www.bioinformatics.babraham.ac.uk/projects/fastqc/>), the last base was removed using Trimmomatic. Any base with a quality score below 25 was trimmed using Sickle (<https://github.com/najoshi/sickle>). Trimmed reads were then mapped to the *P. falciparum* genome using Bowtie2 (v2.3.4.1) \[[@R60]\]. Uniquely mapped reads were further filtered, resulting in a total of 25×10^6^ reads for SMC3 ChIP-seq replicate 1, 17.9×10^6^ reads for SMC3 ChIP-seq replicate 2, 25×10^6^ reads for CRWN ChIP-seq replicate 1, 42×10^6^ reads for CRWN ChIP-seq replicate 2, 16.8×10^6^ reads for the no-antibody negative-control replicate 1 and 25×10^6^ reads for the no-antibody negative-control replicate 2. Read coverage per nucleotide was determined using BEDTools. Both positive and negative libraries were then normalized by dividing through the numbers of million mapped reads. As the anti-CRWN antibody was too weak to immunoprecipitate any specific proteins including the CRWN protein and the ChIP-seq data were similar to the 'no-antibody' control, we treated these datasets as additional negative-control libraries using a rabbit IgG antibody. For each nucleotide, the signal from the negative-control library was then subtracted from the SMC3 ChIP-seq libraries and any negative value was replaced with a zero. Genome browser tracks were generated and viewed using the Integrative Genomic Viewer (IGV) from the Broad Institute. Centromere locations were obtained from a published paper \[[@R61]\] for all chromosomes except chromosome 10. The centromere location for chromosome 10 was obtained from \[[@R62]\], as this information was missing from \[[@R61]\].

Proteomics analysis by multidimensional protein identification technology (MudPIT) {#s4-13}
----------------------------------------------------------------------------------

Proteins were precipitated with 20 % trichloroacetic acid (TCA) and the resulting pellet was washed once with 10 % TCA and twice with 100% cold acetone. TCA-precipitated protein pellet was solubilized using Tris-HCl pH 8.5 and 8 M urea, followed by addition of TCEP \[Tris(2-carboxyethyl)phosphine hydrochloride; Pierce\] and chloroacetamide (Sigma) were added to a final concentration of 5 mM and 10 mM, respectively. The protein samples were digested using endoproteinase Lys-C at 1 : 100 (w/w) (Roche) at 37 °C overnight. The samples were brought to a final concentration of 2 M urea and 2 mM CaCl2, and a second digestion was performed overnight at 37 °C using trypsin (Promega) at 1 : 100 (w/w). The reactions were stopped using formic acid (5 % final). The samples were loaded on a split-triple-phase fused-silica micro-capillary column and placed in-line with a linear ion trap mass spectrometer (LTQ; Thermo Scientific), coupled with a Quaternary Agilent 1100 series HPLC system. A fully automated 10-step chromatography run (for a total of 20 h) was carried out, as described elsewhere \[[@R63]\]. Each full MS scan (400--1600 *m*/*z*) was followed by five data-dependent MS/MS scans. The number of the micro scans was set to 1 both for MS and MS/MS. The dynamic exclusion settings used were as follows: repeat count 2; repeat duration 30 s; exclusion list size 500; and exclusion duration 120 s; while the minimum signal threshold was set to 100.

The MS/MS data set was processed as described in Fig. S1(a). Briefly, RawDistller \[[@R64]\] extracted peak files were searched using ProLuCID (v. 1.3.3) \[[@R65]\] against a database consisting of 5538 *P. falciparum* non-redundant proteins (PlasmoDB 9.1), 34 521 *H. sapiens* non-redundant proteins (downloaded from NCBI 27/08/12), 177 usual contaminants (such as human keratins, IgGs and proteolytic enzymes), and, to estimate false-discovery rates (FDRs), 36 179 randomized amino acid sequences derived from each non-redundant protein entry. To account for alkylation by chloroacetamide, 57 Da was added statically to the cysteine residues. To account for the oxidation of methionine residues to methionine sulfoxide (which can occur as an artefact during sample processing), 16 Da was added as a differential modification to the methionine residue. Peptide/spectrum matches were sorted and selected using DTASelect/Contrast \[[@R66]\]. Proteins had to be detected by one peptide with two independent spectra, leading to mean FDRs of 0.53±0.22 and 0.12±0.05 at the protein and spectral levels, respectively. To estimate relative protein levels and to account for peptides shared between proteins, distributed normalized spectral abundance factors (dNSAFs) were calculated for each detected protein, as described elsewhere \[[@R67]\].

Statistical analysis of proteomics data {#s4-14}
---------------------------------------

Two biological replicates with two technical replicates each were prepared by ChEP at the ring, trophozoite and schizont stages along with their corresponding cytoplasmic control samples, and analysed by MudPIT (Table S3a). To assess the enrichment of proteins in nuclear ChEP fractions, we applied qspec statistics on the distributed spectral counts (dS) measured for the *P. falciparum* proteins detected in the nuclear fractions \[[@R68]\], with the cytoplasmic fractions used as negative controls. Proteins were considered significantly enriched in a nuclear ChEP fraction compared to the corresponding cytoplasmic fraction of a particular stage if they had a Z-statistics value ≥ 2 and/or an FDR ≤0.05 in at least one stage (Table S3b, Fig. S1a).

To determine whether there was a non-random association between a protein being predicted or known to contain a CAD and its specific detection in a nuclear ChEP fraction, enrichment of CAPs or CADs in the proteins deemed specific to the nuclear ChEP fractions was assessed using the one-tailed Fisher\'s exact test by defining contingency tables for each categorical variable and calculating the probability hypergeometric distribution in Excel (Tables S3bc and S4).

To determine stage-specificity of protein expression, proteins passing the nuclear ChEP enrichment criteria described above were next subjected to topological scoring (TopS) analysis \[[@R70]\]. To validate TopS results, qspec was also used recursively to compare the dS (distributed spectral count) values measured in one stage against the other two time-points as background. Proteins with both TopS and qspec Z statistics values ≥2 in at least one of the three blood stages were considered specific (Table S3c).

To separate proteins based on their TopS scores observed in the three erythrocytic stages (Table S3c), we used the Ayasdi software platform (Ayasdi) \[[@R70]\] to perform topological data analysis (TDA) on TopS values. Filters with the Norm correlation metric were used with Neighbourhood lens 1 and lens 2 (resolution 30, gain 5.0). Proteins were coloured based on the principal component analysis (PCA) 1 metric \[[@R68]\].

Two biological replicate co-immunoprecipitations using the SMC3 antibody, along with two control IPs, were analysed by MudPIT (Table S4a). To determine the enrichment of proteins in the SMC3 IPs compared to control IPs, we applied qprot statistics on the measured dNSAF values \[[@R68]\]. Proteins were deemed specific to the SMC3 IP if they had a log~2~(fold change) ≥2 and a Z score ≥1.645 (significant at the 0.05 level) or a Z score ≥1.45 to include the bait protein, SMC3.

Results {#s5}
=======

Comparative *in silico* analysis of CADs in apicomplexan parasites and other eukaryotes {#s5-1}
---------------------------------------------------------------------------------------

To obtain a list of all possible domains associated with chromatin-bound proteins, referred to as CADs, we first filtered the NCBI CDD and Pfam database for domains with chromatin-related cellular functions, including heterochromatin regulation, chromosome organization, nucleic acid binding and histone modifications. A total of 3870 CADs was found regardless of their organism sources (Table S1a). We next performed a genomic comparative analysis of proteins containing such domains (CAPs) among a variety of organisms, including three apicomplexan parasites (*P. falciparum*, *P. vivax* and *Toxoplasma gondii*), three euglenid parasites (*Trypanosoma brucei*, *Trypanosoma cruzi* and *L. major*), two unicellular organisms (*Saccharomyces cerevisiae* and *Schizosaccharomyces pombe*) and four multicellular organisms (*H. sapiens*, *C. elegans*, *D. melanogaster and A. thaliana*). Generally, we observed relatively similar numbers of CAPs in apicomplexan parasites (\~22 % of the full proteome), and a higher number of CAPs in *Saccharomyces cerevisiae* (29 %) and higher eukaryotes (25 % in human) (Fig. S2a, Table S1b). In higher eukaryotes, increasing amounts of hierarchical chromatin elements such as compartments, topologically associating domains (TADs) and insulated domains have been described \[[@R73]\]. It is, therefore, not surprising that these more complex eukaryotes require more CAPs to regulate their chromatin structure.

To identify functional differences in chromatin-associated processes, the candidate CADs were clustered based on their relative abundance in all investigated species. Twelve distinct clusters were obtained ([Fig. 1a](#F1){ref-type="fig"}, Table S1c). Each cluster was then analysed for GO enrichment (Fig. S2b, Table S1d). Clusters 1--3 contained CADs that are relatively abundant in apicomplexans, of which the domains in cluster 1 were almost exclusively enriched in apicomplexan parasites ([Fig. 1b](#F1){ref-type="fig"}). These domains showed enrichment for GO terms associated with nucleic acid binding and specifically AP2 domain-containing transcription factors ([Fig. 1b](#F1){ref-type="fig"}). While highly abundant in apicomplexans, AP2 domain containing proteins were also abundant in plant species. AP2 family transcription factors play an essential role in floral development in *A. thaliana* \[[@R74]\]. In *P. falciparum,* proteins containing AP2 binding domains (ApiAp2) have been identified as sequence-specific transcription factors \[[@R75]\] and are believed to be master regulators of transcription during parasite development \[[@R21]\]. The enrichment of AP2 domains in apicomplexan parasites and *A. thaliana* in our cluster analysis further validates our classification methods.

![*In silico* comparative analysis of CADs across 12 organisms. (a) k-means clustering of the relative abundance of CADs (Table S1a) among 12 organisms (Fig. S2a, Table S2b). CAD abundance was first normalized for each organism by proteome size and then scaled to the CAD frequency with the highest relative abundance of that CAD, which was given an arbitrary abundance value of 1 (Table S1c). For each cluster, a subset of the GO enriched terms associated with the Pfam domains (FDR \<0.01) are shown on the right (Table S1d). Cluster 1 (*n*=145 CADs); cluster 2 (*n*=274); cluster 3 (*n*=183); cluster 4 (*n*=452); cluster 5 (*n*=168); cluster 6 (*n*=64); cluster 7 (*n*=223); cluster 8 (*n*=282); cluster 9 (*n*=168); cluster 10 (*n*=331); cluster 11 (*n*=298); cluster 12 (*n*=166). (b) Relative abundance among 12 organisms of CADs selected from k-means apicomplexan-specific cluster 1 and conserved cluster 4 (Table S1c). Pf, *Plasmodium falciparum*; Pv, *Plasmodium vivax*; Tg, *Toxoplasma gondii*; Tb, *Trypanosoma brucei*; Tc, *Trypanosoma cruzi*; Lm, *Leishmania major*; Sc, *Saccharomyces cerevisiae;* Sp, *Schizosaccharomyces pombe;* Hs, *Homo sapiens*; Ce, *Caenorhabditis elegans*; Dm, *Drosophila melanogaster*; At, *Arabidopsis thaliana*.](mgen-6-327-g001){#F1}

Cluster 1 also includes the PHD_OBE1_like domain that is present in *A. thaliana* PHD finger proteins ([Fig. 1b](#F1){ref-type="fig"}). This domain, enriched in plant species, is also conserved in *Plasmodium* species, which highlights the presence of plant-like protein domains in apicomplexan parasites. In addition, cluster 1 harboured the RCC1 domain ([Fig. 1b](#F1){ref-type="fig"}), which is found in chromosome condensation regulating proteins. While these proteins are conserved among unicellular and multicellular organisms, a highly divergent ortholog of the regulator of chromosome condensation 1 (RCC1) that is critical for parasite pathogenesis has been identified in apicomplexan parasites \[[@R76]\].

CADs in cluster 4 were abundant in all 12 organisms. One of the major domains enriched in this cluster was the SMC (structural maintenance of chromosomes) N-terminal domain ([Fig. 1b](#F1){ref-type="fig"}). SMC domain-containing proteins are a large family of ATPases that play a role in many aspects of chromosome organization, including chromosome assembly and segregation \[[@R77]\]. Enrichment of this domain across many eukaryotes suggests that proteins containing SMC domains are highly conserved, and are important for maintaining and regulating chromatin structure in a variety of organisms.

*In silico* identification and classification of CAPs in *P. falciparum* {#s5-2}
------------------------------------------------------------------------

In *P. falciparu*m, we identified a total of 1629 unique CADs (42 % of total CADs) present in 1114 candidate CAPs (20.1 % of *P. falciparum* proteome, *n*=5548). Out of these 1114 candidate CAPs, 460 proteins were identified using rps-[blast]{.smallcaps}, 82 proteins were identified using Hmmscan and 572 proteins were identified using both approaches ([Fig. 2a](#F2){ref-type="fig"}, Table S2a). Additionally, 76 *Plasmodium* proteins that lacked any of the CADs, but had chromatin-associated functions based on their protein annotation, were manually added to the final CAP candidates list ([Fig. 2a](#F2){ref-type="fig"}). Importantly, RNA-interacting proteins were not filtered out to ensure that proteins interacting with chromatin in an RNA-dependent manner were not excluded from the list. Among the final list of 1190 candidate CAPs, 162 proteins (13.6 %) have been previously described as having chromatin-related functions in the parasite \[[@R54]\], 877 (73.7 %) have non-chromatin related annotation and 151 proteins (12.7 %) are unknown proteins for which functions have yet to be discovered.

![Overview of CAPs in *P. falciparum*. (a) *In silico* methodology. A total of 1190 proteins (20.1 % of proteome) in *P. falciparum* were predicted to be CAPs, covering 1629 unique CADs (Table S2a). (b) Structural organization of the domains that were found in eight or more candidate CAPs (Table S2b).](mgen-6-327-g002){#F2}

To better define *Plasmodium* CAPs, we further characterized the CADs that they carried ([Fig. 2b](#F2){ref-type="fig"}, Table S2b). We performed a hierarchical clustering using Ward\'s minimum variance method with Euclidean distance as dissimilarity metric and multiple-fragment heuristic (MF) as seriation rule on a binary matrix consisting of 1629 CAD IDs × 1114 PfCAPs (Fig. S3a, Table S2b). The RNA recognition motif (RRM) and serine/threonine kinase catalytic (STKC) families were represented by a large number of domain IDs grouping together in two main large clusters consisting of 45 and 65 PfCAPs, respectively (Fig. S3a, bottom right). The 45 RRM PfCAPs also contained a distinct group of RRM IDs in a more sparsely populated cluster (Fig. S3a, top right). Other domain families created more discrete clusters, such as the ones shown in an enlargement of the top left corner of the hierarchical cluster (Fig. S3b). However, the large majority of the 1629 CADs did not cluster with other domains (Fig. S3a) and 74 % were detected in five PfCAPs or less (Table S2b). Going forward, we focused on the 218 CADs (13 % of total) that were detected in at least 15 PfCAPs.

The most abundant CADs, with 83 members ([Fig. 2b](#F2){ref-type="fig"}, Table S2b), were SMC domains and domains from the STKC family associated with cell cycle progression, chromatin remodelling, DNA binding, transcription regulation or other nuclear activities (77 members). Transcription or mRNA processing-associated RNA-binding domains (RRM; 73 members), the catalytic domain of the dual-specificity protein kinases (PKc; 64 members), DEAD box helicase domains (63 members), WD40 domains (58 members), polyadenylate binding domains (PABP; 44 members) and splicing factor, CC1-like domains (SFD-CC1; 43 members) were also found to be abundant in the parasite\'s genome, along with other domains such as the anaphase-promoting complex unit (ANAPC4), AP2 transcription factor domains, small nuclear ribonucleoprotein domains (Sm/LikeSm) and GTP-binding nuclear protein Ran domains ([Fig. 2b](#F2){ref-type="fig"}). When investigating the structural features of the proteins with CADs present in 15 or more candidate proteins, we observed that many of these CAD-containing proteins consisted of either a single CAD in combination with non-chromatin-related domains or multiple CADs in combination with non-chromatin-related domains ([Fig. 2b](#F2){ref-type="fig"}). In other words, CADs were rarely observed to be the uniquely defining domain(s) of a protein. This finding suggests that PfCAPs may likely have multiple functional roles in the biology of the parasite.

To explore the potential function of these candidate PfCAPs, we further categorized these proteins based on their functional annotations obtained from PlasmoDB (Fig. S3c, Table S2c). We found that a large number of the proteins are likely to be nucleic acid binding proteins (*n*=172, 14.5 %) or proteins involved in transcriptional regulation (*n*=151, 12.8 %). Among these protein candidates are high mobility group B1--B4 proteins, proteins that form the transcription initiation factor TFIID subunit, and known transcriptional regulators such as Sir2A/B proteins and transcriptional coactivator ADA2. Another large group of the proteins are found to be structurally or functionally related to chromatin and chromosome structure (*n*=146, 12.3 %). These proteins include histones, histone modification proteins, nucleosome assembly proteins, chromatin remodelling proteins and chromosomal structural proteins. Lastly, we investigated the overall gene expression of the identified candidate PfCAPs. We observed that the pattern of mRNA expression of the candidate CAPs was similar to that of transcription factors suggesting that the majority of these candidate CAPs are likely to be important for facilitating transcription in the parasite (Fig. S3d).

Isolation and identification of CAPs in *P. falciparum* {#s5-3}
-------------------------------------------------------

To validate *in silico* identified candidate PfCAPs and potentially discover additional CAPs without any known CADs, we next used ChEP ([Fig. 3a](#F3){ref-type="fig"}) to isolate, in an unbiased manner, all proteins associated with chromatin (adapted from elsewhere \[[@R56]\]). Briefly, parasites were extracted from infected RBCs at the ring, trophozoite or schizont stages and cross-linked with formaldehyde to preserve protein--nucleic acid interactions. Parasite nuclei were then extracted in the presence of RNase A to avoid enrichment of proteins associated with nascent RNA. Non-cross-linked proteins were washed away using a highly denaturing buffer. As a negative control, we isolated proteins from the cytoplasmic fractions of each of the three stages. By Western blotting, we observed a clear enrichment of the nuclear and cytoplasmic markers in their respective fractions ([Fig. 3b](#F3){ref-type="fig"}).

![Stage-specific enrichment of CAPs and CADs. (a) Outline of the ChEP procedure. (b) Validation of protein enrichment in the nuclear fraction from ChEP by Western blotting. Nuclear (NUC) and cytoplasmic (CYT) fractions isolated from trophozoite and schizont were probed with anti-histone H3 antibody (top gel) and with anti-aldolase antibody (bottom gel). (c) Significance plots for all proteins detected in each of the three *Plasmodium* stages analysed. qspec-derived log~2~(fold change) and Z-statistic values between NUC:CYT (Table S3c) are shown as scatter plots with grey dots. Green dots highlight proteins with a Z score ≥2 and/or *P* value ≤0.05. Dots circled in black and red denote putative PfCAPs (Table S2a) that were not-significantly or significantly enriched in the nuclear ChEP fractions, respectively. Protein overlaps between the nuclear and cytoplasmic fractions at ring, trophozoite and schizont stages are shown as a Venn diagram (insets). The proteomics dataset was processed and analysed as described in Fig. S1(a). (d) *Plasmodium* proteins that were significantly enriched in the nuclear ChEP fractions (Table S3c) were compared to all putative PfCAPs (Table S2a) and to proteins detected in a previous analysis of the *P. falciparum* nuclear proteome \[[@R83]\] (Table S2d). Stage-specific overlaps between these proteins are shown in Fig. S1(a). (e) TDA was applied to the TopS scores calculated for 466 PfChEP proteins that passed two statistical criteria (i.e. TopS score and Z-statistic from qspec; Table S3c). TDA generated three main groups of protein nodes corresponding to ring, trophozoite and schizont stages. Protein nodes are coloured such that red nodes denote high PCA1 values and blue nodes denote low PCA1 values (see inset histogram scale). Node size is proportional with the number of proteins within the node. Heat maps for three groups of proteins are provided on the outside of the TDA map to illustrate high TopS values in one stage and not the other two (TopS \>10 in one stage and \<3 in the other two). To plot these heat maps, the TopS values were normalized ('TopS_norm') to the highest and lowest values (see scale from −1 to 1). (f) Stage-specific enrichment of domains. In the bar graph on the left, for each of the main CAD families (defined in [Figs 2b](#F2){ref-type="fig"} and S3b), the number of CADs predicted *in silico* are compared to the numbers detected when merging all ChEP fractions analysed by MudPIT (Table S3a). CADs present in proteins that were deemed significantly enriched in one or two stages by TopS and qspec analyses were assessed for enrichment using Fisher's exact test (Table S3c). On the right, bubble plots for each stage report on the number of significant proteins bearing these domains (bubble size) and on their specific enrichment or depletion (green and red bubbles, respectively). (g) A subset of the heat maps in (a) is shown for PfCAPs with their associated domains. CADs statistically enriched or depleted in each stage are marked with green or red boxes, respectively (Table S3c). Hpi, hours post infection.](mgen-6-327-g003){#F3}

Proteins isolated from the parasite nucleus following the ChEP methodology, as well as their corresponding cytoplasmic fractions, were analysed by MudPIT. Two biological replicates, with two technical replicates each, were analysed for each of the three intra-erythrocytic stages. After processing of the proteomics dataset (Fig. S1a), we identified 1291, 1203 and 1378 proteins in the nuclear ChEP fraction at the ring, trophozoite and schizont stages, respectively (Table S3a). A total of 633 of the predicted PfCAPs (Table S2a) were captured, 94 % of which were detected in the nuclear fraction, demonstrating that ChEP nuclear fractions were enriched with CAPs (Fig. S1a, Table S3a).

CAPs detected in the nuclear ChEP fractions showed strong enrichment for GO terms associated with typical chromatin-associated processes such as histone and histone modifying, DNA binding, transcription, RNA processing and splicing (Fig. S1b). Proteins functioning in translation-related processes were also enriched in the nuclear ChEP samples, which points to the existence of nuclear translation in the parasite \[[@R80]\]. Additionally, rRNA processing proteins were enriched in the ChEP samples. Ribosome biogenesis takes place in the nucleus \[[@R82]\], and considering the biology of the parasite, the majority of ribosomes will need to be assembled in preparation for the higher levels of translation that takes place at the later trophozoite and schizont stages. Finally, we have also identified many proteins of unknown function as likely interacting with chromatin.

To identify proteins enriched in the nuclear samples, we next applied qspec statistical analysis \[[@R68]\] on the spectral counts measured for each protein in the replicate analyses and identified 215, 260 and 350 proteins that were detected with Z-statistic ≥2 in the nuclear fraction at the ring, trophozoite and schizont stages, respectively ([Fig. 3c](#F3){ref-type="fig"}), adding up to 499 proteins from all stages (Table S3b). These significantly enriched candidate CAPs were compared to the computationally detected CAPs. A total of 222 candidate CAPs were captured by the ChEP--MudPIT analysis ([Fig. 3d](#F3){ref-type="fig"}), which validated 18.6 % of the CAP candidates identified computationally. Of the 499 proteins significantly enriched by ChEP, 283 had also been previously detected in an analysis of the nuclear proteome \[[@R83]\] (Table S2d). Finally, 134 proteins that did not contain any discernible CADs were uniquely detected in our ChEP--MudPIT analysis ([Fig. 3d](#F3){ref-type="fig"}). Such ChEP-enriched proteins either could contain as yet to be defined CADs or could more simply have been captured during the ChEP cross-linking because they interact with PfCAPs.

Stage-specific enrichment of *Plasmodium* CADs and CAPs identified by ChEP {#s5-4}
--------------------------------------------------------------------------

Qualitatively, the nuclear schizont samples contributed the largest number of ChEP proteins significantly enriched in the nuclear fractions (Fig. S1a, Table S3b), which led us to further investigate the stage-specific expression of these proteins. To assess preference in stage expression, we applied a novel algorithm \[[@R70]\] that calculates TopS values from protein spectral counts. TopS is based on likelihood ratios and is computed across the aggregate information contained in the entire dataset (Table S3c). In other words, instead of comparing dNSAF levels calculated for each of the stages, TopS values were calculated considering quantitative information from all stages. To emulate the TopS calculations \[[@R70]\], qspec statistics \[[@R68]\] were also computed for each stage using the other two stages as background (Table S3c). Of the 499 proteins on which we applied TopS, 456 were considered significantly enriched in one or two stages (Table S3c). Of the 211 PfCAPs assigned significant TopS values, only 12 % were deemed enriched in two stages. Topological scoring allowed us to readily classify ChEP proteins with strong stage-specific expression.

To further cluster nuclear ChEP proteins, we used their calculated TopS values as input to perform TDA. TDA uses binning a point cloud of data based on several filter functions such as lenses and generates a high-dimensional topological network that can be further inspected. Interestingly, we observed that TDA depicted our dataset as a very characteristic circular network ([Fig. 3e](#F3){ref-type="fig"}) with protein nodes separated by PCA1 values in three different regions corresponding to the three stages. To illustrate this observation, we plotted the topological scores for a subset of proteins as heat maps adjacent to each region of the TDA network ([Figs 3](#F3){ref-type="fig"} and S1c). For example, proteins in the schizont stage (in blue) had high TopS values in this stage, and lower scores in the ring and trophozoite stages. The combination of TopS analysis with TDA captured that our proteomics dataset was acquired from three cycling time-points of the parasite intra-erythrocytic life cycle, with the trophozoite stage following ring, schizont following trophozoite, and ring following schizont. This emphasizes that different groups of CAPs are expressed in different morphological forms of the parasite.

To assess whether some CAD families also showed stage-specificity, we estimated enrichment of the most abundant domains ([Fig. 2b](#F2){ref-type="fig"}) using a one-tailed Fisher's exact test by calculating probability hypergeometric distribution (Table S3c). While, on average, 62 % of the proteins bearing the most frequent CADs were detected in the merged dataset ([Fig. 3f](#F3){ref-type="fig"}, left bar plot), the topological scoring and Fisher's statistical testing of our dataset revealed some clear stage-specific enrichment and depletion. No CADs were specifically enriched in the trophozoite stage, although WD40 (NCBI CDD ID no. 238121) and ANAPC4_WD40 (NCBI CDD ID no. 315554) were particularly depleted in this stage ([Fig. 3f](#F3){ref-type="fig"}, right bubble plots). Six of the main CAD families displayed statistically supported enrichment (Table S3c). With 7 out of 13, the AP2 proteins detected in our dataset were significantly expressed in the schizont. Out of the 12 proteins containing the Ran GTP-binding domain detected in our analysis, half were enriched in the ring stage. Conversely, none of these GTP-binding CAPs were enriched in the schizont. The inverse correlation between domain enrichment in the ring and schizont stages was also observed for the RuvB (NCBI CDD ID no. 310239), PRK04195 (NCBI CDD ID no. 235250) and Arl5_Arl8 (NCBI CDD ID no. 133353) domains.

Finally, the SMC domain was depleted in the ring stage, but statistically enriched in the schizont. The SMC family is diverse and contains several sub-classes, of which three were detected in the schizont samples ([Fig. 3g](#F3){ref-type="fig"}). The conserved SMC3 protein (PF3D7_0414000), which belongs to the ABC cassette SMC class, while detected in all three stages, displayed strong enrichment in the schizont ([Figs 3](#F3){ref-type="fig"}g and S1d). Other proteins contributing to SMC enrichment in the schizont samples (Fig. S1d) are two conserved *Plasmodium* proteins of unknown function (PF3D7_1325400 and PF3D7_1126700). Additionally, among AP2-domain-containing proteins displaying stage-specific enrichment ([Fig. 3g](#F3){ref-type="fig"}) is PF3D7_0604100, a previously characterized chromatin remodeller involved in heterochromatin formation and genome integrity \[[@R84]\]. Overall, our in-depth statistically supported analysis of the ChEP--MudPIT dataset allowed us to establish stage specificity for a subset of CADs and candidate CAPs that warranted further investigation.

Functional validation of candidate CAPs *in P. falciparum* {#s5-5}
----------------------------------------------------------

Candidate CAPs with domain homology for chromatin components were selected for further molecular and cellular characterization. Candidate CAPs identified using the ChEP methodology and showing stage-specific enrichment (Table S3c) were searched for even distantly related homologues using psi-blast HHPred \[[@R85]\]. To this end, proteins in the ChEP enriched fractions and annotated as *Plasmodium* proteins of unknown function were blast searched against protein domains known to be involved in nuclear function in metazoans, eukaryotic pathogens or plants. These included domains found in nuclear lamina or lamina-like proteins, cohesin, condensin, CTCF insulator and insulator-like proteins. Our analysis identified two putative homologues (PF3D7_1325400 and PF3D7_1126700) of the coiled-coil proteins that are among the nuclear matrix constituent proteins found in plants. In *A. thaliana,* these proteins are encoded by *CRWN* genes \[[@R86]\]. PF3D7_1126700 was more abundant in the ChEP samples at the schizont stage (dNSAF=0.000692) compared to PF3D7_1325400 (dNSAF=0.000176). However, PF3D7_1325400 was identified with higher confidence in the [blast]{.smallcaps} search (*E* value=0.01) and, therefore, was selected for further analysis. Hereafter, PF3D7_1325400 will be referred to as 'CRWN-like' protein. A second protein, PF3D7_0414000, annotated as structural maintenance of chromosome 3 protein (SMC3), was also selected for further validation. SMC3, a subunit of the cohesin complex, although annotated as such, had not yet been characterized in *P. falciparum*.

Custom antibodies were generated for each protein by designing peptide antigens targeting the C-terminal end of each protein. To validate these antibodies, we first performed Western blots using nuclear and cytoplasmic protein lysates from mixed blood stage *Plasmodium* parasites. We observed a clear enrichment of SMC3 (\~140 kDa) and CRWN-like (\~419 kDa) proteins in the nuclear fraction ([Fig. 4](#F4){ref-type="fig"}a,b). Our results validate the use of these custom antibodies to detect the *P. falciparum* CRWN-like and SMC3 proteins.

![Nuclear localization of candidate CAPs. Western blots show enrichment of SMC3 (a) and CRWN-like (b) proteins in the nuclear fraction \[lane 1, marker; lane 2, cytoplasmic protein lysate (CYT); lane 3, nuclear protein lysate (NUC)\]. (c) Subcellular localization of the SMC3 protein (PF3D7_0414000) during the asexual life stages of the parasite. (d) Subcellular localization of the CRWN-like protein (PF3D7_1325400) during the asexual life stages of the parasite. (e) Immunofluorescence analysis showing the localization of SMC3 at the periphery of the parasite nucleus away from the heterochromatin regions marked by H3K9me3 (Millipore; 07--442-AF488). (f) Colocalization of CRWN-like proteins to the heterochromatin regions of the parasite nucleus marked by H3K9me3. Bars indicate 2 µm in (c--f). (g) Significance plot of *Plasmodium* proteins interacting with SMC3. For all proteins co-immunoprecipitated with SMC3, qprot-derived log~2~(fold change) and Z-statistic values between SMC3-IP and control-IP (Table S4) are shown as scatter plots with grey dots. Coloured dots highlight proteins with a log~2~(fold change) ≥2 and Z score ≥1.645 (bright green) or Z score ≥1.45 (light green). Dots circled in black and red denote putative CAPs that were not-significantly or significantly enriched in the SMC3-IPs, respectively (Table S4). (h) Stage-specific enrichment of SCM3 interaction partners. TopS values calculated from the nuclear ChEP dataset (Table S4) are plotted for candidate PfCAPs potentially interacting with SMC3. Hpi, hours post infection.](mgen-6-327-g004){#F4}

We further investigated the subcellular localization of the CRWN-like and SMC3 proteins in intraerythrocytic parasites using immunofluorescence assays. A single focus per nucleus was observed for the SMC3 protein at ring, trophozoite and schizont stages ([Fig. 4c](#F4){ref-type="fig"}). At all three asexual stages, the CRWN-like protein localized to the nuclear compartment ([Fig. 4d](#F4){ref-type="fig"}). In particular, we observed a single focus per nucleus at the ring and schizont stages. At the trophozoite stage, the number of foci varied, in line with the increased level of DNA replication and nuclear expansion that takes place during this stage. In *A. thaliana*, CRWN proteins localize to the nuclear periphery and play a role in regulating heterochromatin environments in the nucleus \[[@R86]\]. It is possible that the CRWN-like protein in *Plasmodium* is similarly localizing to the heterochromatin regions of the nucleus.

To localize the SMC3 and CRWN-like proteins more precisely within the parasite nucleus, we next assessed their location in relation to histone H3K9 trimethylation, a marker of heterochromatin. We performed double immunofluorescence staining using a commercially available anti-H3K9me3 antibody. As all the antibodies were raised in the same host species, we performed sequential immunofluorescence staining to avoid cross-reactivity between antibodies. Briefly, fixed and permeabilized parasites were first incubated with the custom anti-SMC3 or anti-CRWN antibodies, followed by the corresponding fluorescent secondary antibody. After extensive washing, the parasites were incubated with the fluorescently conjugated anti-H3K9me3 antibody. At the ring and schizont stages, the SMC3 proteins localized to the nuclear periphery away from the heterochromatin regions marked by H3K9me3 ([Fig. 4e](#F4){ref-type="fig"}). However, co-localization of H3K9me3 and CRWN-like proteins was observed (\>90 % of ring-stage parasites), although the localization of CRWN-like proteins appeared to extend to regions adjacent to heterochromatin regions of the nucleus as well ([Fig. 4f](#F4){ref-type="fig"}). Further experiments will be needed to validate the exact function of this CRWN-like protein in heterochromatin maintenance during parasite development.

Co-immunoprecipitation of candidate CAPs {#s5-6}
----------------------------------------

To investigate the molecular components interacting with the SMC3 and CRWN-like proteins, we performed co-immunoprecipitation experiments using the custom generated antibodies. Briefly, protein lysates isolated from mixed erythrocytic stage parasite were incubated with anti-SMC3 or anti-CRWN-like custom antibodies conjugated to protein A magnetic beads and the resulting antibody--protein complexes were collected. Two biological replicate preparations of the proteins interacting with SMC3 or CRWN-like proteins, as well as two negative controls, were analysed by MudPIT (Table S4). While 16 proteins, including 5 putative CAPs, were reproducibly detected in both CRWN-L replicate IPs and significantly enriched over controls, we were unable to recover the bait protein itself from the eluted proteins (Table S4b). This might indicate that the antibody--protein interaction was too weak to immunoprecipitate the large CRWN-like protein (\~419 kDa) or too strong to release it from the antibody-conjugated beads. These inconclusive results will not be discussed any further. Alternative epitope-tagging strategies will be needed to identify the interacting partners of the CRWN-like protein in the parasite.

However, a total of 102 proteins were detected combining two biological replicate analyses of SMC3 IPs (Table S4a), 96 % of which had also been detected in the PfChEP nuclear fractions (Table S3a). Negative-control IPs were used as the background for a qprot statistical analysis \[[@R68]\], from which 20 proteins, in addition to the SMC3 bait, were deemed significantly enriched in the SMC3 IPs ([Fig. 4g](#F4){ref-type="fig"}). As assessed by a Fisher's exact test, these proteins were significantly enriched for PfCAPs (12 out of 21 proteins), with functional classifications falling in the 'chromatin/chromosome-associated' (SMC3, HP1, SMC1 and H3.3) 'nucleic acid binding' (Alba1, DDX5 and a putative RNA-binding protein) and 'mRNA processing' (U5 snRNP, CWC2 and PF3D7_1415400) categories. PF3D7_1415400 was annotated as 'conserved Plasmodium protein, unknown function', yet a search of PlasmoDB recovered a match to the Btz_2 InterPro domain (Table S4a). This domain is found in CASC3/Barentsz, a component of the exon junction complex (EJC). EJC is involved in mRNA post-transcriptional regulation and contains four proteins \[eIF4AIII, Barentsz (Btz), Mago and Y14\]. PF3D7_1003800, a protein annotated as a U5 snRNP, but which also contains several elongation factor domains, was also specifically identified. Importantly, we successfully recovered SMC1 (PF3D7_1130700), which forms a dimer with SMC3 in the cohesin complex; hence, validating our methodology.

To assess the expression profiles of the proteins significantly detected in the SMC3 IP, we used the TopS analysis performed on the ChEP fractions from three blood stages (Table S3c). TopS and Z-statistic values were available for 10 of the 12 PfCAPs significantly enriched in the SMC3 IPs (Table S4a). Plotting the stage-specific TopS values for each protein highlighted that the known interactors, SMC3 and SMC1, indeed shared a very similar expression profile, with highly positive TopS scores in the schizont stage and negative scores in the other two stages ([Fig. 4h](#F4){ref-type="fig"}). Four additional proteins showed the same expression pattern (HP1, U5 snRNP, SPT4 and CWC2), which provides an additional layer of validation for these proteins to potentially interact with SMC3 and SMC1.

Genomic distribution of SMC3 {#s5-7}
----------------------------

In order to determine the genome-wide distribution of SMC3, we next performed a ChIP-seq analysis. In duplicate experiments, trophozoite stage parasites were cross-linked with formaldehyde. Sonicated chromatin was incubated with the anti-SMC3 antibody and the resulting DNA--protein--antibody complexes were recovered using agarose beads. Purified DNA fragments were sequenced using next-generation sequencing technology. A rabbit IgG antibody and a no-antibody sample were used as negative controls (Fig. S4). In trophozoites, SMC3 binding was restricted to the centromere region on all 14 chromosomes ([Fig. 5a](#F5){ref-type="fig"}). High Pearson correlation between biological replicates (R=0.959) confirmed the reproducibility of our ChIP-seq experiments. Additionally, the SMC3 peaks appear as doublets ([Fig. 5b](#F5){ref-type="fig"}), likely a result of the extremely high AT content and repetitive nature of the region in-between the peaks, which can be a challenge to sequence and capture computationally.

![ChIP-seq analysis showing genome-wide distribution of SMC3 in trophozoites. (a) SMC3 distribution across all 14 chromosomes. The blue box indicates the location of the centromere on each chromosome. The regions depicted in (b) are indicated with black boxes. (b) Zoomed in regions on chromosomes 2, 5 and 7 depicting SMC3 distribution.](mgen-6-327-g005){#F5}

Cohesin consists of four protein subunits (SMC1, SMC3, SCC1 and SCC3) and the enrichment of this complex in genomic locations is observed in all eukaryotes. In mammalian cells, cohesin sites are found near transcription start sites and co-localize with the CCCTC-binding factor (CTCF), where they play multiple roles in chromatin organization \[[@R87]\]. In yeast, cohesin localizes to centromeres and extends to nearby pericentromeric regions \[[@R89]\]. Preferential loading of cohesin at centromeres is a kinetochore-dependent process \[[@R91]\]. The parasite SMC3 distribution during the trophozoite stage, hence, resembles the yeast cohesin occupancy. At the trophozoite stage, the parasite prepares for mitosis and our results suggest that cohesin has a possible role in sister chromatid separation and cell cycle regulation at this developmental time-point. However, in comparison with the yeast cohesin distribution, the parasite SMC3 occupancy does not extend to nearby pericentromeric regions, which suggests that the SMC3 subunit in particular might be important for sister chromatid cohesion.

Discussion {#s6}
==========

Increasing evidence points towards genome architecture and chromatin structure regulation playing an important role in gene expression throughout the life cycle of apicomplexan parasites \[[@R40]\]. To better understand how the 3D structure of the genome is being maintained, it is vital to identify proteins and protein complexes that associate with chromatin throughout parasite development. Comparative genomics analyses have been performed previously to discover proteins involved in transcriptional control in apicomplexan parasites. In 2004, Coulson and Hall identified 156 *P. falciparum* transcription-associated proteins using homology and hidden Markov model profile searches \[[@R19]\]. Balaji *et al*., in 2005, conducted a systematic analysis of putative apicomplexan nuclear proteins, which allowed the discovery of a novel family of apicomplexan DNA-binding transcription factors \[[@R18]\]. Similarly in 2008, a comparative analysis by Iyer *et al.* surveyed transcription factors and chromatin proteins in several protists, and in particular identified 86 chromatin proteins in *P. falciparum* \[[@R96]\]. In 2010, a bioinformatic study by Volz *et al.* explored potential nuclear factors important for *P. falciparum* gene expression, which resulted in the identification of 24 putative nuclear proteins \[[@R97]\]. Specifically, this approach was used to identify putative proteins containing domains involved in gene expression. Collectively, these studies contributed greatly to our knowledge of the chromatin proteome in apicomplexan parasites. However, more than a decade later, some classes of chromatin maintenance proteins (i.e. lamina-like proteins) have yet to be identified in *P. falciparum*. Therefore, with the use of more updated protein domain databases, we performed comprehensive computational and comparative genomics analyses to generate an extended list of CADs and CAPs in apicomplexan parasites with the goal of identifying otherwise previously unrecognized chromatin-associating elements. In an unbiased comparison with other eukaryotic organisms, we observed that apicomplexan parasites encode a relatively large number of CAPs. Some of these candidate CAPs contain domains that are found almost exclusively in apicomplexan parasites ([Figs 1](#F1){ref-type="fig"} and S2, Table S1a--d). While the exact function of these proteins will have to be validated at the molecular level, this finding likely reflects the importance of CAPs for parasite biology.

By searching the *P. falciparum* proteome against a large collection of Pfam (hmm) and NCBI (rps-[blast]{.smallcaps}) CADs, we have attempted to identify all *Plasmodium* CAPs. Since the *P. falciparum* genome is relatively distant from more traditional model organisms, we used less-stringent parameters for the hmm search to be able to identify PfCAPs ([Figs 2](#F2){ref-type="fig"} and S3, Table S2a--d). In addition, we have tried to account for false-positive hits by using information from the current genome annotation to filter our initial broad search to proteins that specifically interact with chromatin. Among the final list of 1190 candidate PfCAPs, only 162 proteins (13.6%) have been previously described as having chromatin-related functions in the parasite \[[@R54]\]. While our *in silico* approach has generated an extensive list of potential CAPs, this less stringent methodology was needed to uncover previously unidentified chromatin-bound elements. Therefore, we combined our *in silico* results with a more targeted experimental approach to generate a smaller but more confident list of putative chromatin-bound proteins in *P. falciparum*.

Out of the 1190 *in silico*-identified *P. falciparum* proteins that contain a CAD, 633 proteins (53 %) were experimentally confirmed via the ChEP approach ([Figs 3](#F3){ref-type="fig"} and S1, Table S3a--c). Proteins that were not identified in the proteomics analysis of ChEP fractions isolated from ring, trophozoite and schizont life stages may only be transiently expressed, may have low expression levels making them difficult to detect by MS or may not be expressed during these three time-points of the parasite life cycle. It is also important to note that the presence of a protein in a ChEP sample is not sufficient to conclude that it has a function in chromatin structure, since a number of proteins with no expected chromatin function can be found in these fractions. However, the preservation of *in vivo* chromatin characteristics through cross-linking is vital for studying chromatin-associated processes by proteomics. Thus, by implementing the ChEP methodology, we have attempted to enrich for chromatin-bound factors by minimizing the loss of transiently bound factors and reducing the risk of purification artefacts that can be introduced following cell lysis. Previous studies have explored the nuclear proteome of *P. falciparum* during the asexual developmental cycle \[[@R83]\]. It is important to note that these methodologies were used to identify all proteins localizing to the parasite nucleus. While the ChEP-identified dataset is complementary to and overlaps with the existing *P. falciparum* nuclear proteome datasets, we aimed to specifically identify proteins interacting with chromatin. For example, many proteins with non-chromatin-related functions, such as transporter activity, were enriched in the nuclear proteome dataset \[[@R83]\] and were not identified using our ChEP methodology. Furthermore, we applied a new scoring algorithm (TopS) \[[@R70]\] combined with TDA \[[@R70]\] to the ChEP dataset to highlight proteins and domains with stage-specific expression (Table S3c). Many DNA- and RNA-binding proteins such as high mobility group protein B2, putative structural maintenance of chromosome proteins and the putative CRWN-like protein that might be an integral part of the parasite nucleus were identified as enriched in the schizont stage (Fig. S1d), and were significantly enriched in our ChEP sample as compared to the nuclear proteome dataset. Taken together, these results demonstrate the power of this methodology and data analysis pipeline to identify chromatin-bound components in the parasite in an unbiased manner.

Cohesin and condensin protein complexes, composed of SMC subunits, were enriched in the ChEP samples and showed statistically supported enrichment in the schizont stage (Fig. S1d). SMC proteins are an integral part of the eukaryotic nucleus. While SMC proteins are annotated in *P. falciparum*, further characterization of these proteins is lacking. Here, we have explored the expression, localization, interaction network and genome-wide distribution of the SMC3 protein in the parasite. Using immunofluorescence, we observed a single SMC3 focus at the ring, trophozoite and schizont stages ([Fig. 4c](#F4){ref-type="fig"}). This result was validated by our ChIP-seq analysis showing the distribution of SMC3 at the trophozoite stage to be confined to the centromeric regions on all chromosomes ([Fig. 5](#F5){ref-type="fig"}). According to previously published *P. falciparum* nuclear architecture data \[[@R35]\], the centromeres of all chromosomes cluster together near the periphery of the parasite nucleus; therefore, proteins such as SMC3 localizing to the centromeric regions of chromosomes would appear as a single focus in immunofluorescence experiments. Double immunofluorescence staining further confirmed that SMC3 proteins localize to the periphery of the parasite nucleus away from the heterochromatin regions of the nucleus ([Fig. 4e](#F4){ref-type="fig"}). Co-immunoprecipitation with the antibody we designed against SMC3 specifically pulled down its known interactor, SMC1, as well as additional PfCAPs (annotated as HP1, H3.3, SPT4 and CWC2) whose expression patterns in the ChEP samples matched the cohesin subunits ([Fig. 4](#F4){ref-type="fig"}g, h). While HP1 has been shown to be absent from centromeric regions in *P. falciparum* \[[@R99]\], this protein has a significant role in centromere cohesion in mammals \[[@R100]\]. If we cannot exclude potential contamination, it is possible that HP1 may interact weakly with the centromeres in the parasite. Similarly, histone H3.3 has been detected in centromeric and pericentromeric regions of chromosomes in mice leading to mitotic defects \[[@R102]\]. Additional mechanistic insight into how the cohesin complex functions in the parasite is lacking and warrants further investigation.

The crowded nuclei (CRWN) proteins, which are plant-related SMC-domain-containing proteins, are not as widely conserved in other eukaryotes. In *A. thaliana,* CRWN proteins are among the coiled-coil proteins belonging to the nuclear matrix constituent protein (NMCP) family of proteins and were originally identified as residing at the nuclear periphery in carrots \[[@R103]\]. Previous studies have demonstrated the importance of CRWN proteins in plant viability, as evidenced by the inability to recover mutants with disruptions in *CRWN* genes \[[@R86]\]. Additionally, mutants deficient in CRWN proteins exhibit altered nuclear organization, including reduced nuclear size, abnormal nuclear shape and heterochromatin organization. The coiled-coil domain and nuclear periphery localization suggest that these NMCP-related proteins might be functionally analogous to components of the animal nuclear lamina \[[@R104]\]. Despite the critical role in providing structure to the metazoan nucleus, lamina proteins have not been identified in plants or unicellular eukaryotes. While lamina-like protein (NUP-1) has been detected in kinetoplastids \[[@R105]\], lamina-like proteins have not been detected in *Plasmodium* species \[[@R48]\]. Here, we identified two distinct CRWN-like isoforms enriched in the schizont ChEP samples ([Fig. 3g](#F3){ref-type="fig"}). An antibody we generated against one of these isoforms (PF3D7_1325400) allowed us to localize, for what is believed to be the first time in *P. falciparum*, a potential CRWN-like protein that might be an integral part of the parasite nucleus. This CRWN-like protein localizes to a single focus inside the nucleus at ring and schizont stages ([Fig. 4d](#F4){ref-type="fig"}). Additionally, using double immunofluorescence staining, we observed that the CRWN-like protein co-localizes to heterochromatin and nearby regions of the parasite nucleus marked by the repressive histone mark H3K9me3 ([Fig. 4f](#F4){ref-type="fig"}). It is possible that this protein regulates heterochromatin regions of the parasite nucleus, much like what has been observed in plant species \[[@R86]\].

A recent high-throughput transposon insertional mutagenesis study was performed to distinguish essential and dispensable genes in the *P. falciparum* genome \[[@R106]\]. According to this study, both genes identified in our analysis as putative homologues of the plant coiled-coil proteins (PF3D7_1325400 and PF3D7_1126700) were classified as non-essential genes. However, both putative CRWN protein homologues may be an integral part of the parasite nucleus and one CRWN-like protein compensates for the loss of the other. A previous study exploring *P. falciparum* invasion pathways made a similar discovery where the loss of one family of invasion genes resulted in the activation of a separate invasion gene family \[[@R107]\]. Furthermore, in *A. thaliana,* which harbours four *CRWN* genes, quadruple *CRWN* mutants are non-viable, indicating that CRWN proteins participate in essential processes, but single, double and even some triple mutants are viable, indicating a degree of complementation between different *CRWN* genes \[[@R86]\]. Therefore, while it might be possible to make viable single *CRWN*-like mutants in the parasite, attempting to disrupt multiple *CRWN*-like genes will likely provide more information about the essentiality of these nuclear proteins. Further characterization of CRWN-like proteins in *Plasmodium* could improve our understanding of how telomere and antigenic variation genes cluster at the nuclear periphery. More importantly, such novel plant-related proteins that play an important role in parasite nuclear organization can serve as ideal drug targets that can disrupt the parasite 3D nuclear structure with high specificity and low toxicity to the host.

Conclusions {#s6-1}
-----------

This study presents a comprehensive overview of potential CAPs in apicomplexan parasites. We have computationally identified candidate chromatin-binding proteins based on the presence of chromatin-binding domains, and further classified these candidate proteins into functional categories. We have also provided experimental evidence for CAPs during *P. falciparum* development using a new methodology termed ChEP. We have further validated cellular localization and expression for two candidate chromatin-bound proteins. The function of many CAPs is still unknown and further characterization of CAPs will be needed to increase our understanding of parasite biology. It is likely that our results will not only boost the understanding of chromatin structure and chromatin-based processes, but also help to identify key players in pathogenesis and gene regulation in parasites.
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